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Novel photonic sensor engine for discrimination
and detection of weeds and crops

Kamal Alameh'"  Sreten Askraba'  Arie Paap' John Rowe’  Yannan Shen® Hengzhong Yan®

(1 Western Australia Centre of Excellence for MicroPhotonic Systems . Electron Science Research Institute »
Edith Cowan University s Joondalup, WA , Australia)
(2 Photonic Detection Systems Pty Ltd . Subiaco, WA s Australia)
(3 China Daheng Group , Beijing 100085, China)

Abstract In this paper, we present a novel photonic sensor engine that enables farmers to differenti-
ate green plants one from another (“green from green”) based on spectral plant “fingerprinting”. This
advanced photonic sensor engine operates in the visible to infra-red wavelength range and enables the
capture and analysis of spectral data for accurate discrimination and detection of weeds and crop in labora-
tory conditions as well as in the field. The sensor is developed through close interdisciplinary research
collaboration between the Western Australian Centre of Excellence for MicroPhotonic Systems, Photonics
Detection System, Pty Ltd, Australia, and China Daheng Group, China. The outcome of this collabora-
tion is the development of world-first weed sensors that enable site-specific application of herbicides,
leading to a significant improvement in crop yield, substantial herbicide savings of up to 80%,

environmental benefits, less water usage, and significant improvements to profitability in the agricultural

and other sectors.

Keywords

1. Introduction

The most widely used practice in weed control is
still the spraying of herbicides at different times in the
cultivation cycle. Environmental concern for improved
consumer safety and more protection of the environ-
ment as well as the increase in farm costs and decrease
returns for produce have led to a critical evaluation of
the use of chemicals in agriculture.

Over the past 10 years, some highly innovative
farming practices have emerged, enabling site-specific
application of herbicides, hence limiting and controlling
the use of agro-chemicals. Technically advanced elec-
tronic monitoring systems coupled with traditional
farming equipment have made it possible to achieve
greater farm profitability by micro-managing the varia-

bility of a paddock’ s soil, moisture and nutrients.,

I - 39% (2010 ££)10 B
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remote sensing,precision agriculture, photonics,integrated systems,electronics

which means the delivery of just the right amounts of
seed, fertiliser, herbicide or water according to varying
soil and other conditions. This farming method is re-
ferred to as “precision agriculture”.

The ability to accurately identify and/or differenti-
ate plants in real time and at common operating speeds
has been a significant missing component of the enab-
ling technologies that make up “precision agriculture”.
Figure 1 shows the principle of a real-time weed moni-

3

toring and spraying system that detects “individual”
weeds and passes control signals for spraying only
when weeds are detected.

A typical reflectance spectrum of a green leaf is
shown in Figure 1 (b). The spectral differences be-
tween soil and plant at red and NIR wavelengths have

been used to detect green plants and to separate plants

Received 01 December 2009

1t Corresponding author. Email: k. alameh@ecu. edu. au
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Figure 1. (a) Principle of real time weed monitoring and spraying; (b) typical green leaf reflectance spectrum

from soil (“green from brown”) in images by measur-
ing the vegetation index (VI), defined as the ratio of
the reflection at NIR wavelengths (800nm) to reflec-
tion at red wavelengths (650nm) "), The VI is high
for green plants and low for soil. Commercial, VI-
based weed control systems include Weedseeker by Nt-
ech Industries and Detectspray systems /.

Although on-line “green from brown” detection
can lead to a substantial reduction in herbicide use by
spraying on vegetation only, the use of only two wave-
lengths cannot discriminate between green plants with
reliability, this being what is required when weeds ex-
ist amongst crops. Hyperspectral analysis of weeds and
crops has been carried out from an aerial platform ™', and
results show that for classifying 5 predetermined weed
species, the overall accuracies increased from 56% for
3 bands to 72% for 7 bands, 90% for 13 bands, and 98 %
for 22 bands. Similarly, for classifying 6 crop species, the
overall accuracies increased from 48% for the 3 bands to
81% for 7 bands, 87% for 13 bands, and 90% for 22
bands. The swift increase in accuracy with addition of
wavebands is limited to first 10 to 15 wavebands. These
results relied on reflected light only. In addressing this

need, collaborative industry partner, Weed Control Aus-

706 - http://www. wuli. ac. cn

tralia has developed a series of prototypes culminating in
the current design.

The current prototype uses sensor modules
mounted on agricultural spray equipment less than 1m
above ground. It only uses two wavelengths, and has
the capacity to differentiate green plants from soil or
stubble based on spectral response, allowing precise
spraying of green plants only, “green from brown”,as
opposed to spraying entire areas. However, differenti-
ation between green plants is not possible with only
two wavelengths. Whilst plant “fingerprinting” has
been achieved from aerial or satellite platforms using
multiple wavelengths, these methods are extremely
expensive and not applicable for use in a terrestrial
sensing application to allow spraying of weeds in real
time,

The challenge is to achieve this high level of accu-
racy with an on-ground sensor engine that is fast and
commercially viable. Ground based sensing can aug-
ment the techniques used in aerial hyperspectral analy-
sis by using additional techniques such as artificial
light, modulated signals, specific wavebands and leaf
size.

Although some products can discriminate and
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spray green plants (“green from brown”), no commer-
cial products are available today to accurately discrimi-
nate weeds from surrounding crops and spray just the
weeds. Previous research indicates that yield improve-
ments are in some circumstances up to 30% over the
non-sprayed crops, in addition to the herbicide savings
of up to 80%. The profitability improvements from the
higher yield is expected to far exceed the herbicide sav-
ings, and the combined effect could double gross profit
per hectare.

In this paper, we discuss a novel approach to the
improvement of vegetation differentiation through the
increase of the number of wavelengths to three or
more, and demonstrate that it is technically possible to
achieve this differentiation based on different spectral
responses. (“green from green”)

This core technology can be used to control weeds
in other markets such as roadside verges, footpaths,
railways, in municipalities and shires and all situations
requiring selective weed management. Thus the
utilisation of the novel photonic weed sensing architec-
ture will result in significant improvements to profit-
ability in agricultural and other sectors. Market re-
search demonstrates that commercialisation potential

exists worldwide.

2. Photonic sensor engine

The novel photonic weed sensing architecture,
shown in Figure 2(a), integrates two optical cavities,
an N-band laser array, a WDM combiner, two collima-
tors, a photodetector array, an imaging lens, and a
controller that includes an electronic driver and a pro-
cessing unit to differentiate green plants from one an-
other using differences in spectral response (“green
from green”). The architecture can scale to tens of
wavelengths with a slight modification in hardware.

The laser sources are combined and collimated at
around 4mm diameter and the collimated WDM beams
are launched into the optical cavity, whose upper and
lower sides are coated with a 100% reflection coating
and high-reflection coating (around 90%), respective-
ly. Within each optical cavity, the input collimated
optical beam undergoes multiple reflections and every

time it hits the high-reflection side, a small fraction
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(around 10%) of its power is transmitted to illuminate
a spot in the monitored area. Through multiple reflec-
tions with the cavities, 14 spots at a spatial resolution
of 15mm are generated, leading to higher spatial reso-
lution in comparison to conventional weed detection
systems. This beam resolution allows detection of
plants which are narrow leaved, such as skeleton

weeds.

Decision-circuit

Laser array

Controller ]
and __ Collimator
Sienal P Optical .
ignal Processor] ., iy Collimated
Beams —

L

Imaging

High
reflection
coating
(90%)

(b) Combined optical beams

Figure 2. (a) Novel photonic architecture for weed detection;

(b) principle of multi-laser wavelength combination

An example of a 3-laser module is shown in Figure
2(b), where multiband thin-film coatings are used to
combine the collimated laser beams. Fig. 3 shows a
novel cavity utilising multiband thin-film coatings and
integrating laser sources of different wavelengths onto
its outer surface. This represents a compact solution
that enables modularisation of the weed sensor struc-
ture. The intensity of the reflected light from the sam-
ple illuminated by the multi-spot beam generator is re-
corded by a line scan 1,024-pixel image sensor, each
pixel has an active area of 14pum X 14pm. The image
sensor has 12-bit resolution and can operate at a line
rate of up to 68 kHz. The image sensor is attached to
an appropriate C-mount lens of adjustable aperture and
focus that images the reflected light from the illumi-
nated sample on the sensor plane.

Figure 4 shows typical reflected optical intensity
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Figure 3.

onto the optical cavity
data recorded by the image sensor in digital numbers
(DN) for 14 spots projected onto a background screen.
As the local maxima of each peak fluctuates, a quad-
ratic peak fitting method is applied to each peak to de-
termine the maximum intensity which is then used in
the plant discrimination algorithm. This method is less
computationally intensive than Gaussian fitting which
requires non-linear regression. The result of quadratic

fitting is shown in the inset in Figure 4.
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I
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Figure 4. Intensity profile of 14 spots illuminating a back-

ground screen recorded by image sensor. Inset shows quadratic
fitting of measured intensity profile for three peaks
Novel data processing algorithms have been devel-
oped for plant classification and discrimination taking
into account the every changing plant phonology which
can vary between the hours of a day and affect the re-
flectance intensity readings. The data acquisition
process uses the synchronization of the image frame
grabbing and the laser sequencing. The laser sequen-
cing is commenced at a desired frequency (i. e. each di-
ode is turned on and off in sequence at an appropriate
frequency). After the desired wavelength from a spe-
cific laser has been turned on, the image sensor grabs a
single frame containing the intensity profile of the spot

array falling on the plant or soil under inspection. The
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peak intensity value of each spot is extracted and used
for calculating the spectral characteristics. If this opti-
cal signature matches that of a pre-recorded weed,
then an “on” signal is sent to the spraying unit. A logic
flow diagram describing this process is shown in Figure
5. These steps form one acquisition cycle and are star-

ted at once using a software trigger.

Software Trigger
Spectral
Switch on Diode 1 Look Up
Table

Generate
Spectral
Slopes
and NDVI

Spray Signal=On
Spray Signal=Off

Spectral Slopes=
Weed?

No

-

Figure 5.  Flow chart for a single acquisition cycle. This cycle

must be completed before the farming vehicle has traveled
4mm-——the spot diameter of the projected beam. This is to en-
sure each of the three frames grabbed is from the same spatial
points on the plant or soil

The photonic weed sensing architecture shown in
Figure 2(a) has a number of novel features, including:

(1) A large number of laser spots are imaged,
leading to much enhanced spatial resolution as com-
pared to existing weed sensors which use light emitting
diode (LED) illumination.

(2) The system is immune to optical component
misalignment,as it keeps all optical wavelengths over-
lapped and the optical spots parallel to one another
through total reflection and multi-band optical coating
within the optical cavities.

(3) A single laser source (rather than multiple
sources) is used to generate multiple spots for each
wavelength, providing a low cost and compressed hard-
ware solution.

(4) Tt can be scaled to many wavelengths by
straightforward modification (Figure 3).

The adoption of the photonic weed sensor will
have numerous benefits, including:

(1) Economic benefits expected from successful
development of commercial products over and above

blanket spraying as per current practices.

Weeds detec-

ted can be precision spot sprayed, in real time, saving

(2) Reduction in herbicide usage
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in some applications up to 80 % of the herbicide applied

depending on the weed density a direct cost saving
to the farmer. For example, it is estimated that
$ 1billion is spent per annum on herbicides in Australia
alone. Wide scale adoption of the technology would
mean significant savings on herbicide expenditure.

(3) Increased crop yield——As some post-emer-
gent herbicides reduce crop yield by as much as 30% ,
precision weed spraying will result in improved yields
on the unsprayed crop. The grower’s income in some
situations may increase by more than the entire ex-
penditure on pesticides. In addition, precise application
of fertilisers through the use of spectral discrimination
leads to the improvement in yields by precision man-
agement of other inputs,such as fertilisers and miner-
als. For instance,a healthy plant has a different spec-
tral characteristic from a stressed or malnourished
plant of the same species.

This

technology is the only automatic detection technology

(4) Particular noxious weed detection

available for particular noxious weeds, such as the
skeleton weed, which costs western Australian grain

growers around $ 500M per annum.

(5) Solution to herbicide resistance Combating
herbicide resistance is an expensive additional cost (GRDC
estimate $ 30— $ 100 per hectare depending on the crop)
for the farming industry. Precision spraying allows period-
ic use of a different and usually more expensive herbicide
(per litre) to be used sparingly, thus economically killing

the herbicide resistant strains.

(6) Economic benefits for municipal and shire

councils The cost savings will apply to many differ-
ent crop and weed situations in agriculture and also in
other areas, such as roadside verges and footpaths for
municipal and shire councils, weed control of airports,

irrigation channels etc.

(7) Export potential The technology has po-
tential for export especially to North America and Eu-
rope. The EU countries are actively seeking solutions
to herbicide usage issues ( Denmark has a leading
role). The herbicide expenditure in those continents a-

mounts to 20 times that of Australia.

(8) Export of crops Some agricultural prod-
ucts with low exposure to chemicals are known to at-

tract a price premium (eg. organic food), especially in

I - 39% (2010 ££)10 B

http://www. wuli. ac. cn

export markets. The quality of food in relation to GM
crops and food contaminants are particularly sensitive

issues in the EU.

(9) Water savings Precision spraying results
in reduced water consumption and fewer water refill
stops compared to current practices. Studies on the
Patchen technology show that up to 35,000 litres of
water can be saved per 1000 hectares sprayed based on

20% weed coverage.

(10) Pollution reduction Reduction of herbi-
cide use will reduce the levels of these chemicals in the
soil, rivers and groundwater.

(11) Fresh water

Groundwater herbicide con-
tamination is a growing problem in Europe and North

America, especially if the water is used for drinking.

(12) Ecological balance For example, Aus-
tralia’s Great Barrier Reef is representative of an eco-
system under pressure from herbicide run off.

(13) Improved soil health———by reducing applica-
tion of herbicides.

(14) Health benefits

on crops will result in improved quality of the crop and

Reducing herbicide use

to health benefits for the general population.

(15) Sustainability——The above benefits point
to the technology’s very high “sustainability” creden-
tials and will support the improvement of sustainable

natural resource management.

3. Discrimination method

Weed discrimination is based on determining the
intensities as well as the slopes in the reflectance at the
three wavelengths used. The two slope values, S, and

S, , are defined as:

~ Rﬁss _ Rsm
SS=—""—— (D
! /1635 - /1670
R.. — R
S, = 785 670 , (2)
) /1783 - /1670

where A, is the wavelength of the laser diode in nanom-
eters, R,=1I,/P, is the calculated reflectance, I, is the
peak recorded intensity in arbitrary units and P, is the
measured optical power for each spot generated by the
optical structure (Figure 2). The Normalized Differ
ence Vegetation Index ( NDVI) defined by Eq. (2) is
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Figure 6. (a) Spectral response of four plants and soil used for experimentation; (b) average slope values for the four sam-
ple plants

used to discriminate soils and green leaves:

R785 *Rem
R785 +R670
The steep slope of the red edge (Figure 1 (b))

NDVI= (3

results in large values of the NDVI for all green

plants in comparison with soil and other objects.

4. Results and discussion
Four sample plants were used to trial the proof-of-
concept apparatus in the laboratory. These were

spathiphyllum, dianella, pelargonium and dieffenbachia.
As house plants, they were selected for their ability to
survive in an indoor environment. Each plant was first
characterized with a visible, near infrared commercially a-
vailable CCD spectrometer. The spectral response of each
plant’s leaf is shown in Figure 6 (a). The specific wave-
lengths of 635nm, 670nm and 785nm were chosen for two
reasons. Firstly, the significant spectral slopes between
the plants are within the regions from 550—675nm and
675—785nm. Secondly, laser diodes with wavelengths
within these regions and the required specifications were
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commercially available.

The slopes S, and S, for each plant were deter-
mined by using Eqs (1 —3). The results in arbitrary
units (a. u) are presented in Figure 6 (b). Each plant
differs in at least one slope value, making it distin-
guishable. Standard deviations™ for obtained results
are presented in Figure 7. Clearly, no simultaneous
overlapping between the slopes S, and S, of the differ-
ent plants is exhibited, making the discrimination
between the various plants feasible. The total error in
measurements is due to the dark current of the image
sensor and, predominantly, the optical power fluctua-
tion of laser diodes in time.

The performance of the weed sensor was also tested by
simulating vehicle movement with leaf samples mounted on
a rotating stage. This test was conducted under static condi-
tions and at average linear velocities of 7 and 22km/h, All
calculated values of S, , S, and NDVI, which are shown in
Figure 8, are for 3cm wide spathiphyllum leaves covering 4
laser beams at distances of 58cm, 69cm and 80cm from the
weed sensor. Each data point is an average over 10 meas-
urements for four laser beams illuminating the leaf. The
variability of the measurements was mainly due to fluctua-

tions in the response of the image sensor and optical power
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of the laser diodes in time.

Results show that there is no significant change in
the calculated values of S,, S, and NDVI for variation
in the distance to the leaf sample or for simulated
speeds of 7km/h and 22km/h. Consistency over a
range of distances from the sensor is achieved by copla-
nar alignment of the laser modules and the image sen-
sor. The current system is capable of conducting meas-
urement for leaf size as small as 3cm at 22km/h.

Replacing the existing control system with embedded
hardware would reduce this minimum leaf size to approxi-
mately 6mm at vehicle speed of 36km/h. Previous static
results™ showed that the weed sensor is also capable of
limited discrimination of green plants. These capabilities
make the weed sensor suitable for plant discrimination
when mounted on a farming vehicle.

Improving the discrimination capabilities of the weed
sensor is possible with the addition of lasers at other wave-
lengths. Physical space in the laser combination module lim-
its the number of laser diodes which can be added as does
the line rate of the camera. Up to five lasers could be used

while maintaining a minimum leaf size of 6mm.

B Dianella M Pelargonium Spathiphyllum ™ Dieffenbachia
6 11 16 21 26 31
S, - —
S, b —— —— ——
1 1 1
102 112 122 132
Average Slope /a.u.
Figure 7.  Standard deviation of the mean for slopes S, and S,

for the four sample plants
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Figure 8. Average values of S,;, S, and NDVI for static,
7km/h and 22km/h measurements of spathiphyllum leaf at

different distances. S, and S, are plotted against the left axis and
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5. Future work

The above described photonic weed sensor engine

has so far been demonstrated for plant discrimination
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and weed control in the laboratory. To be able to use
this system in crop farming fields, a new assembly has
been designed and is being developed by China Daheng
Group Pty. Ltd, taking into account the harsh environ-
mental conditions such as mechanical vibrations and
impacts, high temperature and humidity and dust.
Figure 9 shows recently developed and packaged laser
module and image sensor. Coarse and fine alignment
and locking mechanisms have especially been imple-
mented in order to allow ordinary technicians to align
and lock these modules using simple test procedures.
Laser beam overlapping, optical power equalisation and
laser beam alignment with the linear image sensor are
being tested against impact effects, mechanical vibra-
tions, and temperature variations. Preliminary results
show that the sensor engine is remarkably robust and
reliable for plant discrimination and weed control.
Field trial results for weed and crop discrimination will

be reported in a forthcoming article.

(a) Laser module with @ 635nm, @ 670nm,

@785nm lasers and @ holder for two laser beam combiners;

Figure 9.

(b) Image sensor employing a linear optical sensor array

6. Conclusion

A prototype three-waveband photonic weed sensor
engine for plant discrimination has been developed and
demonstrated. Various types of plants have been illu-
minated with an array of collimated laser beams emit-
ted through an optical structure integrating laser di-
odes, free space combiners and optical components.
Discrimination of green plants from soil and other
green and non-green objects of specific weeds has been
achieved by measuring two spectral slopes defined by
three wavelengths and NDVI. By designing a laser
combination module which accommodates more laser
diodes of different wavelengths, a more detailed optical
signature can be derived for a plant or a weed.

Operation of the sensor at simulated farming vehicle
speeds of up to 22 km/h has shown that it is capable of
discrimination between soil and green plants at these
speeds over various distances. Future development will
focus on the development of robust laser modules and

viable packaging to improve the precision of the weed
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sensor, as well as the implementation of improved im-
age sensors to further enhance the plant discrimination

capabilities of the current prototype weed sensor.
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